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Riparian wetlands can serve as nature-based infrastructure that slow the rapid movement of water 
during high flow events. As the recurrence of high flow events increases due to global climate 
change, an improved understanding of the potential of wetland landscapes to provide flood 
mitigation is needed.  This research addresses both the impacts of climate change and land cover 
on extreme flow events in the Otter Creek watershed in Vermont.  The upstream portion of the 
basin is modeled with the Soil and Water Assessment Tool (SWAT) to investigate the impacts of 
climate change on extreme flow events.  A Hydrologic Engineering Center's - River Analysis 
System (HEC-RAS) two-dimensional hydraulics model is implemented to explore the downstream 
response of these high flow events to land-use changes in the low-land floodplain system.  Flood 
frequency is analyzed for the results of the hydrology model driven by climate data derived from 
a representative concentration pathway emission scenario (RCP8.5). Hydraulic model results 
demonstrate the ability of forested wetlands within the riparian corridor to substantially mitigate 
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1.0 – Introduction 
Riverine floodplains are among the most ecologically productive and threatened 
landscapes worldwide. Regarded as centers for biodiversity and hydrologic connectivity, 
floodplains provide habitat for countless species of vegetation and animals, serve as crucial 
wildlife breeding and migratory areas, and facilitate the important cycling of nutrients and 
sediment across aquatic and terrestrial realms (Tockner and Stanford 2002).  Riparian corridors, 
an important component of floodplains, are considered “the heart of the drainage basin” and 
include the stream channel and surrounding land containing vegetation that is affected by regular 
high flows and an elevated water table. These wetland corridors regulate geomorphic processes 
through the routing of water, debris, and sediment between the river channels and surrounding 
floodplains (Naiman et al. 1993). 
In addition, riparian corridors and wetlands contribute to human welfare both directly and 
indirectly through the provision of ecosystem services. These services include the production of 
lumber, erosion control through sediment retention, and the storage and retention of water 
(Costanza et al. 1997).  Literature suggests that forested wetlands within floodplains, especially 
those strategically located within the riparian corridor, alleviate downstream flooding by slowing 
the conveyance of overbank flow during extreme hydrological events (Acreman et al. 2003; Dixon 
et al. 2016; Singh et al. 2018; Thomas and Nisbet 2007).  Anthropogenic land-use alterations, 
including human development directly along river channels and within floodplains, have 
contributed to the degradation of these landscapes and increased possible vulnerability to flooding.  
Alternatively, the restoration of riparian forested wetlands has the potential to maximize the natural 
flood mitigation services of floodplains and develop landscapes that will be resilient to extreme 
flooding events (Opperman et al. 2009). 
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The ability of riparian wetlands to mitigate flood impacts is particularly important in the 
context of climate change. Examinations of historical climate observations over the northeastern 
United States indicate an increase in total annual precipitation and annual extreme precipitation 
(Huang et al. 2017).  Analyses of climate scenarios from global circulation models also signal an 
intensification of extreme hourly precipitation and consequentially flooding hazards (Arnell and 
Gosling 2016; Berghuijs et al. 2017; Milly et al. 2002; Prein et al. 2017).  Atmospheric physics 
suggest that as annual temperatures in the northeast increase, precipitation events will be more 
extreme and intensify the flood risk to communities and people along developed riverfronts (Allan 
and Soden 2008; Parr and Wang 2015).   
Historically, the design of flooding infrastructure has relied upon the assumption of climate 
stationarity. Recognition of a changing climate suggests updating design storm and flood impact 
estimates to better project the necessary protection measures (Luke et al. 2017).   Assuming climate 
stationarity within a flood frequency analysis increases the potential for costly over-design or 
dangerous under-design (Beven 2011; Kundzewicz et al. 2017; Rosner et al. 2014).  Regardless of 
the recognized importance of this assumption in the infrastructure design process, there is no 
standardized agreement or guidance amongst methodologies for the analysis of flooding under 
non-stationarity (François et al. 2019). Due to this uncertainty, investigations of plausible, robust 
adaptation measures for communities along rivers are needed (Dottori et al. 2018; Douglas and 
Fairbank 2011). Nature-based solutions, like river and floodplain restoration, have been explored 
as a potentially cost-effective strategies in response to this increasing flood risk hazard and many 
such responses have been implemented (Keesstra et al. 2018).  
Nature-based solutions are defined as “the use of nature in tackling challenges such as 
climate change, food security, water resources, or disaster risk management, encompassing a wider 
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definition of how to conserve and use biodiversity in a sustainable manner” (Balian et al. 2014).  
Also referred to as green infrastructure or natural infrastructure, these soil-vegetation and 
landscape management strategies are more cost-effective and require less maintenance than 
traditional infrastructure approaches, such as dams or levees (Keesstra et al. 2018). For these 
reasons, nature-based strategies have gained support among restoration organizations as a feasible 
opportunity to promote the enhancement of ecosystems while concurrently addressing societal 
issues including water availability, irrigation, and flooding (Kabisch et al. 2016).  
For example, the Nature Conservancy (TNC) has incorporated nature-based solutions into 
a project entitled the “Water Quality Blueprint,” a water quality plan for Lake Champlain.  The 
plan prioritizes the protection and restoration of wetlands, riparian corridors, and floodplain forests 
to naturally filter sediment and nutrients from agricultural and storm water runoff.  In addition to 
improved water quality in Lake Champlain, benefits include increased wildlife and fish habitat, 
flood resiliency, and recreational opportunities (TNC, 2018).  Internationally, the Ecosystem 
Restoration for Mitigation of Natural Disasters (ERMOND) project, established in 2014, studies 
the links between natural disasters and ecosystem conditions within Nordic countries.  ERMOND 
advocates for the integration of nature-based solutions for strategic ecological resilience within 
national policies (Halldorsson et al. 2017).  Additionally, restoration measures have been 
implemented within the lowland areas of Rangárvellir, Iceland through the HydroResilience 
project. These intentional changes in vegetation and land cover alter the runoff dynamics of the 
Ytri-Rangá and Eystri Rangá watersheds. This ongoing project studies the increased field capacity 
of the watersheds and the change in seasonal water availability and flood risk within the system 
(Finger et al. 2016).  These examples illustrate some of the ongoing and future research on 
ecosystem services and nature-based solutions.  
 
4 
The modeling of natural infrastructure within hydrologic systems is a growing area of 
attention and challenge amongst water-resources decision makers.  In order to properly incorporate 
natural infrastructure within a decision making framework, the provision of ecosystem services 
must be quantified and valued within the system (Guswa et al. 2014). Certain modeling approaches 
involved the modification of existing hydrologic models to encompass the evaluation ecosystem 
services including livestock and crop production, water supply and quality, and carbon retention 
(Bekele et al. 2013; Liu et al. 2013; Notter et al. 2012). Other modeling efforts have focused 
specifically on better understanding and quantifying the flood mitigation impacts of strategic 
floodplain land-use as natural infrastructure.  
Such studies have utilized a wide range of computer models and approaches. Singh et al. 
(2018) utilized one-dimensional hydraulic modeling to estimate streamflow response to both 
revegetation and floodplain connectivity interventions within the 360 km2 Mad River and 200 km2 
Lewis Creek watersheds in Vermont.  Thomas and Nisbet (2007) explored the strategic 
revegetation of a 2.2 km reach of the River Carey, UK within both one and two-dimensional 
hydraulics models. Alternatively, Dixon et al. (2016) with an explicitly hydrologic modeling 
approach, investigated the impacts of floodplain reforestation on the entire 98 km2 catchment of 
the Lymington River, UK.   Acreman et al. (2003) coupled a hydrology model with a one-
dimensional hydrodynamic model to investigate changes in floodplain connectivity within an 
approximately 5 km section of the River Cherwell, UK.  These studies have shown that river 
restoration techniques can provide flood management services across specific river reaches as well 
as entire catchments.     
To quantify the avoided damages from historical extreme events, Watson et al. (2016) 
estimated downstream hydrographs in which existing upstream wetlands and floodplain 
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connectivity did not provide flood resilience. An economic value was then assigned to the 
ecosystem services through the estimation of avoided damages due to flooding.  While the majority 
of studies have focused on the addition of nature-based solutions to simulate improvements to 
downstream conditions, Watson et al. (2016) instead evaluated the removal of the existing 
ecosystems or landscapes that are providing the flood mitigation services.  Recognizing the value 
of their approach, this work also explores the flood mitigation impacts of existing riparian wetlands 
through the simulated removal of the ecosystem.  
This research assesses the contribution of natural infrastructure to the reduction of downstream 
vulnerability during extreme flow events.  A coupled hydrology and hydraulic modeling approach 
investigates watershed response to both alteration in land cover and climate. Guiding this study 
are the following questions: 
1) What future change in flood frequency is expected in Otter Creek under the 
effects of climate change? 
2) What are the flood mitigation impacts of floodplain land-use on downstream 
river discharge during extreme flow events? 
3) Will protection and restoration of riparian corridors provide significant flood 
mitigation impacts under the effects of climate change? 
Literature indicates that the frequency and magnitude of flood events is likely to increase 
(Karmalkar and Bradley 2017; Wang et al. 2017).  Current forestation of stream channel corridors 
is understood to partially mitigate downstream flow regime extremes. The results of this study will 
assess how flood frequency in Otter Creek is projected to change under future clime conditions 
and also quantify which portion of the observed downstream flood mitigation is the due the 
presence of forested wetlands within the riparian corridor.   
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2.0 – Methodology 
The potential of a riparian wetland system to mitigate peak flow events at downstream 
communities under both historic and estimated future flow conditions is evaluated. First, a Soil 
and Water Assessment Tool (SWAT) hydrology model is developed and calibrated for observed 
flows at an upstream USGS gage location. An ensemble of downscaled climate projections from 
thirteen general circulation models (GCMs) are used to drive a hydrology model to project changes 
in the recurrence interval of design floods. Simulated high flow events representing the climate-
altered design floods are sampled from the hydrology model results. Second, a HEC-RAS 
hydraulics model is developed for the lower floodplain of our study region and calibrated against 
flow observations at a downstream gage location. Both historic highest flow events and the 
sampled climate-driven design flood events are utilized as an upstream input into the hydraulics 
model. For each modeled flow scenario, floodplain land-use is altered systematically and response 
is measured at the location of the downstream gage. This combined modeling approach (Figure 1) 
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2.1 – Study System  
 
Otter Creek is the second largest river in Vermont and the largest tributary of Lake 
Champlain (Figure 2).  Located in the southeastern region of the state, the river flows south to 
north for approximately 180 km (112 miles) through Addison and Rutland County.  The upper 
tributaries begin in the highlands of the Green Mountains and converge to form the main stem, 
which meanders steadily through the mountainous valley before entering a well-connected 
floodplain. The United States Geological Survey (USGS) measures hourly and daily discharge at 
two major communities along the main stem, Rutland and Middlebury. Located 75 km (46 miles) 
apart, with an elevation differential of 44 m (139 feet), the hydrographs at these two gaging sites 
exhibit considerably different characteristics during high flow events.   
At Rutland, the upstream location, the hydrograph contains sharp peaks and rapid rates of 
change during intense precipitation.  Meanwhile, at Middlebury, the downstream site, the 
hydrograph exhibits lower or equal peak flows with much more slower rates of change (Figure 3).  
The difference in hydrograph behavior is even more apparent when the measured discharge is 
normalized by the upstream watershed area of each gage (Figure 4). The 1627 km2 (628 mi2) 
receiving area of the downstream Middlebury gage is double that of the 795 km2 (307 mi2) area of 
the upstream Rutland gage.  The observed dampening of hydrograph peaks between the two sites 
is not uncommon in mountainous streams - the geomorphology of watersheds with significant 
elevation change is understood to impact the delivery and distribution of flows between higher and 
lower terrains (Rodríguez‐Iturbe and Valdés 1979). However, the change between these 
hydrographs is of particular interest when considering the land-use conditions of the lower Otter 









Figure 3 – Highest Observed Discharge Events since 1970 in Otter Creek at Rutland (USGS 04282000)  
and the downstream response at Middlebury, VT (USGS 04282500) 
 
 
 Watson et al. (2016) attributed the significant flood peak difference to the presence of the 
Otter Creek wetlands and well-connected floodplain located between the two gage sites. Before 
entering Middlebury, the main channel of Otter Creek travels through the largest interior wetland 
complex in Vermont.  The 7.28 km2 (18,000 acres) of forested wetlands includes the Brandon 
Swamp Wildlife Management Area and the Cornwall Swamp Wildlife Management Area, a site 
recognized a National Natural Landmark.  The State of Vermont and local conservation 
organizations also acknowledge the important role this wetland system played in mitigating 
potentially destructive flows and associated flood damages in 2011 during the Tropical Storm Irene 
(Porter 2012; State of Vermont 2019).  This historic event has heightened public and municipal 
concern about preparedness for future extreme precipitation and the effectiveness of natural 





Figure 4 – Highest Observed Discharge Events since 1970 in Otter Creek at Rutland and Middlebury, VT.  
River discharge is normalized (cms / sq.km) at each USGS gage by the upstream watershed area. 
 
Otter Creek is an excellent study location for multiple reasons. First, there is an extensive 
record of daily discharge at the Rutland gage (04282000) and the Middlebury gage (04282500) 
which are ideally located above and below the floodplain area of interest (USGS 2016). Second, 
the VT Center of Geographic Information has recently collected fine resolution LIDAR for the 
vast majority of the watershed - 1.7 meter resolution data from 2012 and 0.7 meter resolution data 
from 2013 are available for Addison and Rutland counties respectively (VCGI 2016). Finally, 
climate projections indicate that precipitation, especially for extreme events, is expected to 
increase in the northeast region of the US (Huang et al. 2017). Understanding flood preparedness 
within the Otter Creek watershed can illustrate the importance of natural-infrastructure solutions 




2.2 – Hydrology Model 
A SWAT hydrology model is applied to investigate the impacts of climate change on the 
upper reaches of the Otter Creek watershed and to estimate the discharge of ungauged tributaries 
that serve as input into a separate hydraulics model of the lower watershed.  SWAT is an open 
source hydrology model that was developed to connect land and soil usages within a watershed to 
the associated riverine discharge. SWAT represents the complex spatial heterogeneity of a physical 
system through the division of watershed into sub-basins, reaches, and hydrologic response units 
(HRUs) based upon land usage, soil conditions, and topography (Arnold et al. 2012). The modeling 
approach can be described as semi-physical, due to the combination both of physically based 
equations and empirical relationships. The equations and relationships require parameter 
adjustments for successful calibration. 
The wide use of SWAT and the necessity for improved calibration within the intricate 
modeling framework led to other researchers developing SWAT-CUP, an open source program 
that automates the SWAT calibration process. SWAT-CUP incorporates a decision-making 
framework for parameter adjustment and an optimization structure that compares modeled and 
observed discharge across numerous simulations.  Parameter adjustment within SWAT-CUP can 
be performed globally across the entire watershed or individually across HRUs and reaches to 
maintain the spatial heterogeneity of the modeled system. Linear optimization within SWAT-CUP 
was utilized to assist in the calibration of the developed hydrology model.  
Required SWAT climate inputs include daily precipitation, maximum and minimum 
temperature, solar radiation, wind speed, and relative humidity.  Because these climate 
observations are not available for all periods in the Otter Creek watershed, the Climate Forecast 
System Reanalysis (CFSR) meteorological dataset is utilized as climate input for all climate 
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variables except precipitation.  Developed by the National Centers for Environmental Prediction 
(NCEP), the CSFR dataset is available globally at a 38-km resolution with an hourly time step 
from January 1979 to August 2014 (Fuka et al. 2014).  Daily observations sourced from 10 NOAA 
weather stations located within the watershed are utilized for precipitation input (NOAA, 2018). 
Other major model inputs include a high-resolution digital elevation model created from the 
available LIDAR, the regional SSURGO soil database (USDA 2018), and the 2011 National Land 
Cover Database at a 30 meter resolution (USGS 2012).  Within the SWAT hydrology model, the 
Otter Creek watershed is delineated into 27 sub-basins containing 248 unique HRUs.  
The SWAT hydrology model is executed across a 35-year period (1979 to 2013).  The first 
three years of this range are allocated for the system to warm-up (allowing the model to equilibrate 
after setting its initial conditions).  Model results are “calibrated” across the 20 period year of 1981 
to 2001 and “validated” across the 12 year period of 2002 to 2014.  Hydrology model performance 
is assessed through the comparison of simulated and observed discharge at the upstream gage at 
Rutland.  Efficiency criteria for calibration include the coefficient of correlation (r), coefficient of 
determination (R2), and Nash-Sutcliffe efficiency (NSE).  Additionally, the model performance is 
assessed through the comparison of historic and simulated design flood frequency. Flood 
frequencies are calculated utilizing the Bulletin 17B methodology (IACWD 1982). These 
calibration criteria are selected despite their documented sensitivity to extreme flow events 
(Krause et al. 2005). The accurate capture of extreme flow conditions is the primary objective 
guiding model development. 
While SWAT is highly regarded for its ability to accurately predict long-term yearly flow 
volumes, sediment regimes, and nutrient loads, it is less effective in predicting hydrological 
extremes. The model is known to underestimate maximum flows and overestimate minimum flow 
conditions(Borah and Bera 2003; Chu et al. 2004; dos R. Pereira et al. 2016). To compensate for 
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this extreme event modeling bias, a quantile mapping (QM) method is applied to the calibrated 
SWAT model output. This approach adapts the tails of the simulated flow duration curve (FDC) 
to better align with the USGS observed FDC (Figure 5). The same QM approach is applied to all 
subsequent SWAT model output within this study.   
Flood flows are calculated from the SWAT model results after bias correction for 
recurrence intervals of 1, 2, 5, 10, 25, 50, and 100 years (Table 1).  Tables 2 and 3 present the 
flood frequency flows for the observed and simulated flows, respectively.  Figure 6 presents the 
results of the flood frequency analysis. The calendar day distributions of the maximum annual 
flow display the frequency when the maximum events occurred relative to the day of the year.  The 
observed and simulated maximum flow distributions share a similar shape – the majority of 
maximum annual flows occur in the early spring due to snowmelt and other events are scattered 
between the late summer and autumn seasons. The most significant difference between the 
distributions is the slight shift in frequency peak from late to early March. The greatest spring 
snowmelt events arrive slightly earlier within the SWAT model.  
 
 
Table 1 – SWAT Model Results after Quantile Mapping: Calibration at Rutland, VT 
Calibration Statistic 
Daily Time Step Monthly Time Step 
Calibration Validation Calibration Validation 
Correlation Coefficient (r) 0.72 0.80 0.83 0.86 
Coefficient of Determination (R2) 0.51 0.65 0.69 0.75 








Figure 5 –Results of SWAT Hydrology Model Calibration after the application of quantile mapping. Results 




Table 2 – Historic USGS Flood Frequency Flows (CMS) 
Modeling Period 1-year 2-year 5-year 10-year 25-year 50-year 100-year 
Calibration (1982 – 2001) 54 118 167 205 256 298 344 
Validation  (2003 – 2013) 44 110 166 210 274 328 388 
Entire Period (1982 – 2013) 51 115 165 203 257 300 348 
 
 
Table 3 –SWAT Model Results after Quantile Mapping: Flood Frequency Flows (CMS) 
Modeling Period 1-year 2-year 5-year 10-year 25-year 50-year 100-year 
Calibration (1982 – 2001) 48 112 161 197 246 286 329 
Validation  (2003 – 2013) 35 107 178 236 326 406 496 






Figure 6 – Flood Frequency Analysis of SWAT Calibration and Validation after the application of quantile 
mapping. The center-middle plot displays the density distribution of the maximum annual flow event 




The flood frequency curve of the simulated flow aligns better with curve developed from 
USGS observations within the calibration period than the validation period. This is typical of any 
modeling exercise.  Across the entire modeling horizon, the largest difference between in curves 
is at the 100-year recurrence interval with a 7% difference between the observed and simulated 
values. The curve developed from the entire record is used to represent the historical flood 
frequency for subsequent model comparison. 
 An ensemble of downscaled GCM projections are utilized as input into the calibrated 
hydrology model.  The GCM results for precipitation and temperature ranging from years 1981 to 
2099 are obtained from an ensemble of 13 models. All GCM model results are sourced from the 
fifth phase of the Coupled Model Intercomparison Project (CMIP5) and were developed under 
Representative Concentration Pathway 8.5 (RCP8.5) (IPCC 2014; Taylor et al. 2012).  In a 
previous study, the GCM results were statistically downscaled to the New England region and 
selected for their satisfactory historical performance and diversity of climate scenarios (Karmalkar 
et al. 2018). Within the future modeling scenarios, the SWAT internal weather simulator is utilized 
for the input variables of solar radiation, relative humidity, and wind speed.  
 
 
Figure 7 – SWAT hydrology model results: Annual hydrograph displaying Tropical Storm Irene,  




Figure 8 – Flow events at Rutland, VT that correspond to the average projected 100 year flood for each 
modeled future time period. Flow events are sampled from the results of SWAT model with GCM input.   
These sample projected 100 year flood events serve as input into the HEC-RAS hydraulics model.  
 
 The future projections are divided into three periods:  the near-future (2025-2049), the mid-
future (2050-2074), and the far-future (2075-2099).  The daily flow statistics and flood frequencies 
across select recurrence intervals are calculated for each set of GCM flows across the three future 
periods. The resulting statistics are averaged across the GCM ensemble to develop a set of mean 
discharge statistics for each future period.  After calculating the average projected 100-year flood 
for each future period, the GCM hydrology model results are reviewed for upstream flow events 
similar to the projected floods. Three flow events are selected from the hydrology model results as 
representations of the projected 100-year flood events (Figure 8).  For these projected flood events, 
the hydrology model results are imported into the HEC-RAS hydraulics model as input flows along 
boundary conditions for the analysis of downstream response to projected climate-driven floods.  
SWAT is a regarded as semi-distributed, process based watershed model. As semi-
distributed model, the SWAT routing approach has limitations when modeling systems with 
complex hydrodynamic interactions between the river channel and floodplain.  Under the current 
SWAT 2012 routing configuration, discharge within the river channel cannot exit and interact with 
the surrounding floodplain system.  SWAT users may add either ponds or wetlands that serve as 
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impoundments within a sub-basin, however these modeled impoundments are only capable of 
receiving input from the land area within their assigned sub-basin (Arnold et al. 2012). Therefore, 
flow from the upstream tributaries may not leave the main channel within the lower floodplain.  
Due to this model limitation, the SWAT model application is not extended to the lower 
Otter Creek watershed, specifically between Rutland and Middlebury where interaction between 
the river channel and floodplain is an integral aspect of the regional hydrology. This watershed 
area is instead modeled with a HEC-RAS hydraulic model that utilizes the results of the SWAT 
model as inputs along specific boundary conditions (Figure 9).  
 
 




2.3 – Hydraulic Model  
 A 2D unsteady-state hydraulic model is developed using HEC-RAS 5.05 to perform 
exploratory modeling of the Otter Creek floodplain under existing and altered land-use scenarios.  
The Hydraulic Engineering Center’s River Analysis System (HEC-RAS) was developed by the 
United States Army Corps of Engineers (USACE) and allows users to perform one and two 
dimensional steady and unsteady flow calculations. Model requirements include river and 
floodplain terrain, land cover and associated Manning’s roughness, and streamflow along 
boundary conditions.  The 2D model applies the Diffusion Wave equations to simulate the 
progression of a flood wave in multiple directions and allows for the extraction of hydrographs at 
any point of interest within the floodplain or channel. The modeling approach is well-suited for 
applications where flow is expected to exceed the dimensions of the channel including floodplain 
mapping and wetland studies (HEC-RAS 2016).  
 The floodplain terrain layer is developed using a high-resolution digital elevation model 
and a land classification layer is created from 2011 National Land Cover Database at a 30 meter 
resolution (USGS 2012).   Each land cover type is assigned a Manning’s roughness coefficient. 
The Manning’s roughness values are sourced from HEC-RAS manual and published modeling 
studies (Chow 2006; HEC-RAS 2016; NRCS 2016). Next, a 2D computational mesh is developed 
over the lower floodplain between Rutland and Middlebury.  The mesh tiles within 1000 meters 
of the channel are modeled at a 50 meter resolution. The surrounding floodplain and tributaries are 
modeled at a 300 meter resolution.  All mapping and modeling is performed using the Albers Equal 




Figure 10 – Manning’s roughness coefficients associated with each NLCD Land Cover classification within 
the HEC-RAS model. Land cover types highlighted in yellow are grouped as “Field” within the framework of 
this analysis. The land cover type highlighted in green is classified as “Wetlands”.   
 
 The HEC-RAS model covers 300 km2 of area between Rutland and Middlebury and six 
boundary conditions serve as inlets into the 2D flow area. The first is located along the Otter Creek 
main stem at the upstream gage in Rutland. The other five are located along the major tributaries 
that are delineated within the hydrology modeling process: Clarendon River, Furnace Brook, 
Neshoba River, Leicester River, and Middlebury River.  The HEC-RAS model includes a single 
outlet along the main stem at the downstream, northern town limits of Middlebury. The outgoing 
flow at this boundary condition is determined by the normal depth and energy grade-line 
determined from the DEM. 
The largest five flow events from 1970 to 2018 serve as input into the HEC-RAS model. 
For these historical flow events, daily USGS flow observations are used as input into the boundary 
condition at the main stem at Rutland. The USGS Stream Stats tool is utilized to delineate the area 



































boundary conditions is determined by normalizing the known discharge at Rutland by upstream 
watershed area. These area-normalized flows serve as daily input into the other five boundary 
conditions.  
The model is calibrated by comparing simulated and observed downstream hydrographs 
across the five largest historic flow events at the downstream location of the Middlebury USGS 
gage (Figure 11).  Performance statistics include R2 and NSE.  These are calculated after a fourteen 
day period allocated for model warm-up.  Calibration involves the systematic alteration of 2D 
computational mesh resolution, as well as uniform adjustments to Manning’s coefficients. The 
development of a very fine resolution 2D mesh drastically increases model run time. However, a 
coarse resolution poorly captures the downstream response of the system. The calibrated model 
contains no alterations to the original Manning’s values from the literature and across the five 
selected historic events, the current 2D resolution produces an average R2 of 0.86 with a 
manageable model run time of approximately 3 hours.  
Land-use scenarios are developed to represent the present state of the watershed and 
alterations within the riparian corridor of the main stem (Table 4). The existing conditions scenario 
is used to calibrate the model and presents the current land-use conditions of the floodplain.  For 
the Field Buffer Scenario, all land cover within a 100 meters of the Otter Creek main stem is 
transformed into Field – representing the NLCD land classes of Grassland/Herbaceous, 
Pasture/Hay, and Cultivated Crops. Land transformed to “Field” is modeled with the same 
Manning’s roughness coefficient of 0.035.  The Field Buffer scenario is designed to illustrate the 
flood mitigation potential of the existing Otter Creek wetland system by providing the extreme of 
complete deforestation. For the Wetland Forest Buffer scenario, all the land within the 100 meter 
channel buffer is transformed into forested wetlands – NLCD land class “woody wetlands.”  This 
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NLCD land class is modeled with a Manning’s roughness coefficient of 0.12.  The Wetland Forest 
Buffer represents the potential expansion of protected lands through the conversion of agricultural 
or developed land into forested wetlands.  The two land-use scenarios explore the extreme 
scenarios of complete deforestation and complete wetland restoration within the riparian corridor 
along the entire length of the river between Rutland and Middlebury.  The modeling of the two 
extremes provides the upper and lower bounds of flooding impacts from floodplain development 
and restoration within the riparian corridor. The three land-use scenarios are run across the five 
historic flood events as well as the three projected climate-driven design flood events.  
Four metrics are used to measure change between scenarios: 1) average discharge, 
2) maximum discharge, 3) maximum discharge velocity, and 4) the time of maximum discharge 
event.  All four metrics are measured at the downstream location of the Middlebury USGS gage. 
This downstream flood analysis is applied to both historic and projected flow events.  
Maximum discharge represents the peak flow of a flooding event. The goal of using 
forested wetlands as a nature-based solution is to minimize the peak flow at any location of interest 
by slowing the movement of the flood pulse.  While the comparison of the complete flood 
hydrograph is valuable, the maximum discharge serves a simple, quantitative measure of flood 
peak change between scenarios.   
 
Table 4 – HEC-RAS Land-use Scenarios 
Land-use Scenario Description 
Existing Conditions No change to 2011 National Land Cover Dataset 
Field Buffer 
All land cover within a 100 meters of the Otter Creek main stem is 
transformed into Field (Manning’s Roughness of 0.035) 
Wetlands Buffer 
All land cover within a 100 meters of the Otter Creek main stem is 




Average discharge is analyzed as a control measure that compares how modeled land-use 
changes impact normal conditions compared to extreme events. Under average flow conditions, 
discharge should be contained within the river channel and therefore should not be continuously 
interacting with the surrounding floodplain. Large changes to average flow between land-use 
scenarios would be unexpected and indicative of potential error in the modeling of floodplain 
interaction within the hydraulics model.  
Erosion and flow velocity have a direct relationship. Increased flow velocity is related to 
increased stream power and shear stress.  The increased magnitude of these parameters is linked 
to the transport and deposition of coarse material and the scouring of the channel and surrounding 
floodplain surfaces (Magilligan et al. 2014).  Along with maximum discharge, the comparison of 
maximum flow velocity serves a proxy for assessing the destructive potential of a flood event.  
The arrival of time of the maximum discharge is related to the velocity of the flooding 
event.  Increased flooding arrival time provides more time for downstream communities to 
respond to warning systems and better protect lives, property, and infrastructure.  Riparian forested 
wetlands serve as nature-based solutions through their ability to attenuate high flows. The change 
in maximum flow arrival time is another metric to quantify the impacts of the flow attenuation.  
In addition to the detailed assessment at Middlebury, system response to land-use 
alterations is assessed with a longitudinal analysis of the Otter Creek.  For this analysis, maximum 
discharge is extracted at select locations along the river main stem, between the upstream and 
downstream boundary conditions.  These select locations are spaced approximately every 7500 
meters with additional placement after every tributary confluence.  The extraction of these 
maximum flow values allows for the mapping of peak flow dissipation and flow alterations 
throughout the Otter Creek system.  Another advantage of mapping the maximum flood peak along 
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the length of the river is the separation of the geomorphological effects of flood pulse dissipation 
from those caused directly by the alteration of riparian corridor land-use.  This longitudinal 
analysis is only applied to the modeled historical flood events.   
The LIDAR data utilized to build the DEM of the watershed was hydro-enforced by the 
VT Center of Geographic Information. Hydro-enforcement of the data included the smoothening 
of the river channel and the removal any obstructions along the river main stem in order to properly 
simulate downslope flow through the system (Poppenga et al. 2014). Due to this process, the 
channel geometry and bathymetry are nearly constant throughout the entire main stem. Throughout 
the entire DEM, the Otter Creek channel cross section is rectangular with the dimensions of 
approximately 30 across and 2 meters deep. While this channel configuration does not capture the 
bathymetry of the channel perfectly, it is the best approximation given the available data. Historical 
and projected flow events that are investigated within this study are all extreme events that exceed 
the dimensions of the channel. For this reason, the error in cross sectional channel area is 
considered less important because the model is primarily simulating over-bank flow that occurs 
within the surrounding floodplain.  
 
Table 5 – HEC-RAS Model: Comparison of HEC-RAS Simulated and USGS Observed Flow at Middlebury, VT 
Calibration Statistic 2011 1976 1987 1984 1973 Average 
Coefficient of Correlation (r) 0.96 0.90 0.94 0.93 0.86 0.92 
Coefficient of Determination (R2) 0.91 0.83 0.92 0.90 0.76 0.86 









Figure 11 – HEC-RAS Model Calibration across the greatest five upstream flow events since 1970. Calibration 
statistics were calculated after a 14 day period allocated for model warm-up which is represented by the 
vertical dashed line.   
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3.0 – Results  
3.1 – Upstream Flow Projections  
The results of the RCP8.5 GCM ensemble climate inputs to the SWAT hydrology model 
suggest an increase of average and extreme flows in the future (Figure 12).  Averaged across the 
associated GCM ensemble, Tables 6A and 7A present the daily flow statistics and their alteration 
compared to modeled historic flows, respectively, for the three designated future periods.   
Analyzing the flow changes on an annual time step, flows are projected to increase in the 
future periods. On average, projected flows increase by approximately 22% when compared to the 
modeled historical flows. The majority of the flow increase occurs at the 50th and 75th percentiles 
where flow is projected to increase by over 25%.  
The annual flow analysis suggests that the three future periods have similar results. 
Conversely, the seasonal flow analysis indicates that flows are changing incrementally across the 
future periods and the shift is primarily driven by temperature increase. These incremental changes 
across future periods are muted when averaged annually across the entire year. The seasonal 
changes in flow regime are most evident when comparing flow duration curves of the modeled 
historical and projected results (Figure 13).  Averaged across the associated GCM ensemble, 
Tables 6B through 6E display the seasonal flow statistics and Tables 7B through 7E present the 
seasonal alteration of projections when compared to modeled historical flows.  
Analyzing the flow projections by season, the greatest increase of flow occurs within the 
winter months of December, January, and February. Within these months, flow increases 
incrementally through all three future periods. The far-future period has the greatest increases 
across the entire range of flows. These far-future increases are most prevalent across lower flows, 




Figure 12– Average Annual Flow Duration Curves of Hydrology Model Projections at Rutland, VT with 
climate input of RCP8.5 GCM Ensemble Precipitation and Temperature data.  
 
The significant increase in winter low-flows corresponds to a decrease in low-flows within 
the previous season of autumn. Within the autumn months of September, October, and November, 
flows greater than the 25th percentile are projected to increase. Flows within the 5th percentile are 
projected to decrease by 20% within the far-future period. Extreme flows (95th and 99th 
percentiles) are projected to increase by over 30% within the autumn months.  A similar pattern of 
flow alteration is located in the summer months of June, July, and August as well - the greatest 
change in summer flow occurs across the 95th and 99th percentiles. Within the mid-future period, 
low and mid-range flows exhibit little to no change. In the far-future period, the low flows are 
projected to decrease by 15%. This changing pattern across seasonal projections is indicative of 
the substantial temperature increase within the RCP8.5 ensemble. 
Incremental temperature increase across the future periods drives the shifts in flow regime. 
As temperature increases, the low flow conditions in summer and autumn decrease substantially. 
The temperature increase also decreases the accumulation of snow throughout the winter. As 
snowfall events become less prevalent, surface runoff increases which, in turn, increases flow 
responsiveness during the winter months.  
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Table 6A–Average Annual Flow (CMS) Statistics at Rutland, VT across GCM Ensemble: Entire Year 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 3.0 6.6 11.5 20.4 49.6 90.0 16.9 
Near Future (2025-2049) 3.5 8.4 15.9 28.1 60.7 106.1 22.2 
Mid Future (2050-2074) 3.7 8.6 15.7 27.3 57.4 101.2 21.7 
Far Future (2075-2099) 3.4 8.4 15.8 27.3 57.6 105.7 21.8 
 
 
Table 6B– Average Flow (CMS) Statistics at Rutland, VT: Autumn Months (Sep, Oct, Nov) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 3.1 6.2 9.9 15.6 32.0 52.7 12.7 
Near Future (2025-2049) 3.0 7.8 14.4 24.2 49.7 87.9 19.2 
Mid Future (2050-2074) 3.0 7.1 12.7 22.3 47.1 76.9 17.5 
Far Future (2075-2099) 2.6 6.3 11.8 21.1 47.8 92.4 17.1 
 
 
Table 6C– Average Flow (CMS) Statistics at Rutland, VT: Winter Months (Dec, Jan, Feb) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 2.5 5.3 9.1 16.0 38.2 66.3 13.3 
Near Future (2025-2049) 3.7 7.9 15.0 27.7 59.2 102.4 21.5 
Mid Future (2050-2074) 5.2 10.7 18.4 31.3 63.4 107.9 24.7 
Far Future (2075-2099) 6.8 13.3 21.4 35.2 67.7 120.8 27.9 
 
Table 6D– Average Flow (CMS) Statistics at Rutland, VT: Spring Months (Mar, Apr, May) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 3.9 12.0 20.7 37.1 76.6 118.8 28.4 
Near Future (2025-2049) 6.3 15.3 25.5 42.7 79.9 127.9 32.4 
Mid Future (2050-2074) 7.3 14.8 23.4 38.0 71.2 114.3 29.7 
Far Future (2075-2099) 7.4 14.7 22.5 35.0 66.7 112.3 28.2 
 
Table 6E– Average Flow (CMS) Statistics at Rutland, VT: Summer Months (Jun, Jul, Aug) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 3.1 6.3 10.1 16.8 33.3 48.7 13.3 
Near Future (2025-2049) 3.2 6.7 11.6 19.8 40.9 72.3 15.8 
Mid Future (2050-2074) 3.1 6.3 10.4 18.1 39.4 72.0 14.8 





Table 7A –Change between Modeled Historical and Projected Flow: Entire Year 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 0% 0% 0% 0% 0% 0% 0% 
Near Future (2025-2049) 12% 21% 28% 27% 18% 15% 24% 
Mid Future (2050-2074) 19% 23% 27% 25% 13% 11% 22% 
Far Future (2075-2099) 11% 22% 27% 25% 14% 15% 22% 
 
 
Table 7B– Change between Modeled Historical and Projected Flow: Autumn Months (Sep, Oct, Nov) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 0% 0% 0% 0% 0% 0% 0% 
Near Future (2025-2049) -5% 20% 31% 35% 36% 40% 34% 
Mid Future (2050-2074) -4% 13% 22% 30% 32% 31% 28% 
Far Future (2075-2099) -20% 2% 16% 26% 33% 43% 26% 
 
 
Table 7C–Change between Modeled Historical and Projected Flow: Winter Months (Dec, Jan, Feb) 
Modeling Period  
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 0% 0% 0% 0% 0% 0% 0% 
Near Future (2025-2049) 31% 33% 39% 42% 36% 35% 38% 
Mid Future (2050-2074) 51% 50% 50% 49% 40% 39% 46% 
Far Future (2075-2099) 63% 60% 57% 55% 44% 45% 52% 
 
Table 7D– Change between Modeled Historical and Projected Flow: Spring Months (Mar, Apr, May) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 0% 0% 0% 0% 0% 0% 0% 
Near Future (2025-2049) 38% 22% 19% 13% 4% 7% 12% 
Mid Future (2050-2074) 46% 19% 12% 2% -7% -4% 4% 
Far Future (2075-2099) 47% 18% 8% -6% -15% -6% -1% 
 
Table 7E– Change between Modeled Historical and Projected Flow: Summer Months (Jun, Jul, Aug) 
Modeling Period 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
Historical (1981-2013) 0% 0% 0% 0% 0% 0% 0% 
Near Future (2025-2049) 3% 7% 13% 15% 18% 33% 16% 
Mid Future (2050-2074) -1% 0% 3% 7% 15% 32% 11% 
Far Future (2075-2099) -15% -13% -7% -3% 16% 42% 6% 
 
* The alterations in flow statistics are color-coded by relative change from zero. Darker blue coloring 




Figure 13– Seasonal Flow Duration Curves of Hydrology Model Projections at Rutland, VT with climate 
input of RCP8.5 GCM Ensemble Precipitation and Temperature data.  
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The shift of spring flow during the months of March, April, and May is also the result of 
temperature increase across future periods. The spring flow regime is altered inversely to that the 
of summer months: low-flows are projected to increase while high-flows decrease.  The change is 
greatest for the far-future period where the temperature increase is greatest. The spring flow 
alterations are driven by the decrease in winter snow accumulation as well as shift in snow melt.  
Historically, the spring months contain the highest flow events due to snowmelt. Under modeled 
future projections, the peak of the snowmelt is expected to occur earlier, during the winter months. 
The falling limb of this shifted snowmelt pulse will arrive within the spring months resulting in an 
increase of low and median flows.  
The seasonal flow analysis indicates that extreme flow projections increased in all seasons 
except spring. This increase in extreme flows is also evident within the results of the flood 
frequency analysis. Averaged across the associated GCM ensemble, Table 8A and 8B present 
flood frequencies for select recurrence intervals and their alteration compared to modeled historic 
flows, respectively, for the three designated future periods.   
The flood frequency curves increased by varying degrees across the modeled future periods 
(Figure 14). Within the near-future period, 7 of the 13 GCM flood frequency curves are greater 
than the simulated historic curve.  For the mid-future and far-future periods, 10 of the projected 
curves are greater than historic.  While the far-future period exhibits the greatest average flood 
frequencies, the mid-future period contained the greatest single GCM flood frequency curve as 
well as the greatest range in projections.   
Compared to the simulated historic flow, the projected 100-year flow increased steadily 
between each future period.  Averaging the results across the GCM ensemble, the near-future and 
mid-future 100-year flood increased by 13% and 29%, accordingly. The averaged far-future period 
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displayed the greatest change in 100-year flood with an increase of 48%.  This steady increase 
across future periods is also projected for the 10-year, 25-year, and 50-year flood events. While 
projections of the 1-year, 5-year, and 10-year flood events present an increase, the magnitude of 
increase does not contain the same increasing trend across futures.  
These increases, especially those of the 100-year events, are significant and may be the 
result of the small sample size in this flood frequency analysis. Fitting a sample of only 25 years 
to an extreme value distribution to predict an event with an exceedance probability of 1% is a 
challenging task.  Due to the small sample size, the confidence bounds on any estimate of a 100-
year flood are large.  However, this analysis does suggest that future flows will increase over time.     
The calendar day distributions of the maximum annual flows shifts uniformly across all 
three modeling periods. This shift correlates with the observed impacts of temperature increase 
from the seasonal flow analysis – each successive future period exhibits an earlier arrival of 
snowmelt discharge. The distributions of projected maximum flow events are much more diffuse 
than the simulated historic. The occurrence likelihood of annual maximum events is projected to 





Table 8A– Average Flood Frequency Flows (CMS) at Rutland, VT across GCM Ensemble 
Modeling Period 1-year 2-year 5-year 10-year 25-year 50-year 100-year 
Historical (1981-2013) 46 112 166 208 268 319 374 
Near Future (2025-2049) 60 135 195 242 308 363 423 
Mid Future (2050-2074) 51 127 195 250 331 401 481 
Far Future (2075-2099) 51 137 216 280 376 459 553 
 
Table 8B –Change between Modeled Historical and Projected Average Flood Frequency Flows  
Modeling Period 1-year 2-year 5-year 10-year 25-year 50-year 100-year 
Near Future (2025-2049) 30% 21% 18% 16% 15% 14% 13% 
Mid Future (2050-2074) 10% 14% 17% 20% 23% 26% 29% 





Figure 14 –Flood Frequency Analysis of Hydrology Model Results at Rutland, VT with climate input of RCP8.5 
GCM Ensemble Precipitation and Temperature data. Averaged results are plotted on the bottom left. The 
bottom right plot displays the density distribution of the maximum annual flow events throughout the year.    
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3.2 – Downstream Response to Land Cover Alterations 
HEC-RAS model results indicate the importance of riparian land cover on downstream 
flood mitigation.  Figures 15 and 16 present the historical and projected hydrographs at 
Middlebury, VT across the existing conditions and two alternate land cover scenarios. Tables 8 
and 9 present the comparison of results between land cover scenarios for the historical and 
projected modeled floods.  
Across every model simulation, both historic and projected, the Field Buffer scenario 
increases the discharge of the downstream flood peak. The 2011 simulation shows the greatest 
change across the simulations, a change in maximum flow of 56% between Field Buffer and 
existing conditions.  Between the five historic storm events, the alteration of the riparian corridor 
to entirely field results in an average of 38% increase in peak flow.  This change in flow is the 
result of increased discharge speed – averaging the historic simulations, the maximum flow 
velocity doubles across the field scenarios.   
 








Change in Max. Flow 
Arrival (hours) 
2011 FIELD 4% 56% 128% -23 
1976 FIELD 4% 38% 112% -21 
1987 FIELD 4% 30% 102% 0 
1984 FIELD 3% 42% 113% -1 
1973 FIELD 1% 23% 54% -1 
Average FIELD 3% 38% 102% -9.20 
2011 WETLANDS -2% -12% -10% 8 
1976 WETLANDS -1% -7% -9% 6 
1987 WETLANDS -1% -6% -11% 1 
1984 WETLANDS -1% -8% -10% 1 
1973 WETLANDS -3% -27% -38% 1 







Figure 15 – HEC-RAS Results: Simulated flows at Middlebury, VT across Land Cover Alterations 




The Wetland Buffer scenario reduces maximum discharge and velocity at Middlebury. The 
reductions are not as extreme as the increases due to the Field Buffer. The averages across the 
historical simulations are skewed by the 1973 simulation in which the Wetland Buffer scenario 
resulted in flow and velocity reductions of 27% and 38%, accordingly. These reductions are over 
three times greater than the other historical simulations. The response of the 1973 simulation is 
more similar to the projected flood events in which the impacts of reforestation are more significant 
than the deforestation.  
Across both field and forested wetland scenarios, the impacts of land cover changes do not 
significantly alter average flows. The field scenario alters the mean downstream flow by only 3% 
and the wetland scenario only altered mean flows by 2%. These results validate our modeling 
approach – despite the simplified bathymetry of the hydro-enforced DEM, the model is still able 
to capture the general balance of channel flow and overbank flow as well as the flow interaction 
with the land cover alterations. 
 The response of the projected flood events to the land-use alterations are similar to that of 
the modeled historic flood events. The change in maximum flow increases incrementally through 
the future periods. Compared to the historic floods, the Wetland Buffer alteration has a much 
greater response across the projected floods. Averaging the projected simulations, the alteration of 
the entire channel to forested wetlands decreases the maximum flow velocity by 40% and lowers 





Table 10 – HEC-RAS: Alterations in Flow Statistics at Middlebury VT, for Projected 100 year flow events 
Future Scenario 
Change in  
Avg. Flow 
Change in  
Max. Flow 
Change in  
Max. Vel. 
Change in Max. Flow 
Arrival (hours) 
Near FIELD 1% 13% 27% 0 
Mid FIELD 1% 20% 52% 0 
Far FIELD 3% 25% 54% -15 
Average FIELD 2% 19% 44% -5 
Near WETLANDS -4% -14% -43% 1 
Mid WETLANDS -4% -25% -37% 1 
Far WETLANDS -8% -29% -39% 2 





Figure 16 – HEC-RAS Results at Middlebury, VT: Simulated flows at Middlebury, VT across Land Cover 
Alterations. The gray line displays the sampled climate-driven design floods at the upstream gage at 
Rutland, VT, the boundary condition for upstream flow along the main stem.   
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The difference in response between the historic and projected responses is most likely due 
to the difference in tributary flow modeling approach. With the historic flood events, tributary flow 
are estimated through a watershed area normalization approach. For the projected climate-driven 
100 year floods, tributary flows are sourced from the SWAT hydrology model. Different 
distribution of flow from tributaries would result in a different amount of main stem flow 
interaction with the altered land cover.  Regardless of the different magnitudes of response between 
the two modeling approaches, it is evident that the continued maintenance of Otter Creek’s riparian 
corridor will reduce the force and effects of flood events at Middlebury, VT.  
Despite consistent, observable differences in both the historic and projected flood 
hydrographs at Middlebury, the calculated change in maximum flow arrival is inconsistent across 
simulations. The time-based metric shares no correlation with the other calculated alteration 
measurements. The temporal shift of the hydrograph peak is not representative of the response of 
the entire hydrograph.  For this reason, the specific metric of flood peak arrival appears to be less 







3.3 – Longitudinal Response to Land Cover Alterations 
The longitudinal analysis of maximum flow response emphasizes the flood mitigation 
services of the existing riparian forest wetlands while also highlighting the responsiveness of the 
extreme hydraulics to land cover alteration within the riparian corridor.  Figure 17 presents the 
maximum flow along Otter Creek averaged across the five historic HEC-RAS flow simulations 
and Figure 18 presents the alteration of the maximum flows between land cover scenarios.  
The HEC-RAS results align with the expected flow regime given the geomorphologic 
conditions of the watershed. Aside from a sudden increase immediately after a confluence with a 
tributary, the peak flood pulse gradually decreases as it moves further downstream and the channel 
transitions from higher steeper, higher elevations to a more gradually varying, lower floodplain. 
Across the three land-use scenarios, the dissipation of the flood pulse follows this general trend. 
This pattern of dissipation represents the impact of the watershed terrain and channel-to-floodplain 
connectivity within Otter Creek, two characteristics that are not adjusted with the scope of this 
study. By comparing results longitudinally along the river between the existing conditions and 
altered land cover scenarios, the hydraulic impacts of the riparian corridor land cover can be 
isolated from the other geomorphologic factors that may adjust peak flow.  
The Field Buffer increases peak flows throughout the entire length of the modeled reach. 
Adjustments are relatively uniform until reaching the location where the existing riparian buffer is 
comprised of forested wetlands. The effects of the land alteration are most apparent throughout 
this section of Otter Creek as the difference between existing conditions and the field buffer 
increases dramatically. The location of maximum change is 68 km downstream, just before the 
confluence with the Middlebury River. At this confluence in the 2011 simulation, flows are 68% 
greater than those modeled under existing conditions. With the addition of the tributary flows from 
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the Middlebury River, the peak flow alteration decreases slightly before the channel moves into 
Middlebury, the site of the more comprehensive downstream analysis.  
 The Wetland Buffer results display an inverse trend when compared to the Field Buffer. 
The flood mitigation impacts of the existing riparian forested wetlands is evident.  The maximum 
flow dissipates at a higher rate once it arrives at this location – alteration is most evident in the 
lower floodplain and peaks just before the confluence with the Middlebury. Like the downstream 
analysis, the longitudinal flow alteration from the Wetland Buffer is not as large as the Field Buffer 
due to the present land cover conditions of the riparian buffer. The most significant difference 
between the two land cover extremes is the backwater effect created within the Wetland Buffer 
scenario.  
The backwater effect describes how a downstream river obstruction can potentially 
increase the water levels at a distance upstream of the obstruction. Within the Otter Creek HEC-
RAS model, the reforested riparian corridor serves as a form of obstruction and consequently 
increases the upstream flood pulse peak. This mild increase in peak flow is located between the 
Clarendon and Neshobe River tributaries. The greatest backwater increase of only 6% occurs 
within the 2011 simulation. This observable backwater effect creates a trade-off between upstream 
and downstream conditions. In an ideal scenario, the backwater effect would occur in an 
unpopulated area of floodplain and be less impactful than the alternative of increased downstream 
flow peaks. Within the Otter Creek watershed, the backwater flow increases are substantially 










Figure 17 –Maximum Flow along Otter Creek averaged across the five historic HEC-RAS flow simulations. 
The elevation along the channel is displayed on the bottom of the figure. The section highlighted in green 
represents the channel buffer area in which riparian wetlands are currently present. The locations of 
modeled tributaries are displayed in blue. 
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Figure 18 –Alteration of Maximum Flow along Otter Creek averaged across the five historic HEC-RAS flow 
simulations. The elevation along the channel is displayed on the bottom of the figure. The section highlighted 




4.0 – Discussion  
Comparing this work to the existing literature, the results of our analysis fell within the 
range of similar floodplain alteration studies performed within the same region Vermont.  In their 
first-order analysis of the Otter Creek watershed, Watson et al. (2016) estimated the range of 
downstream flood peak alteration to be between approximately 150% and 350%. While this 
estimation is far greater than our own, the estimations are based upon the complete removal of the 
wetland system while our work only involves the alteration of the riparian corridor. Their modeled 
removal of the entire wetland system also assumes in an increase of floodplain-to-channel 
connectivity as a result of land cover changes.  
The riparian corridor land-use and geomorphology are interconnected. Riparian vegetation 
can serve as “physical ecosystem engineers” that shape the channel and landscape through the 
immobilization of sediment and the distribution of organic matter (Gurnell et al. 2012).  This work 
separates the flood mitigation impacts of riparian vegetation from geomorphology with the 
adjustment of a frictional coefficient impacted overbank flow.  While the complex relationship 
and natural alteration of geomorphology with land-use over time is not fully represented, the 
applied modeling efforts provides an initial analysis of downstream discharge relative and land-
use changes.  The modeled changes in riparian vegetation across the future periods would result 
in changes in both channel geometry and floodplain connectivity.  
 Using 1D HEC-RAS model of the neighboring Vermont watershed of the Mad River, 
Singh et al. (2018) evaluated response of stream power to the interventions of floodplain 
revegetation and connectivity.  Within their analysis, stream power of 100-year floods decreased 
by 48% under the effects of only floodplain revegetation. Responding to both revegetation and 
connectivity, the stream power of the same floods decreased by 184%. Recognizing the 
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geomorphic similarities between the Mad River and Otter Creek watersheds, the relationship 
between increased flood responsiveness to both interventions should translate across watersheds. 
Based on our current results and the context of both of the aforementioned studies, had our study 
system undergone revegetation and floodplain connectivity, it is plausible that the downstream 
response would be within the range of the previous estimations by Watson et al. (2016).  
Uncertainty within the design flood projections stems from numerous sources. First, GCM 
model output outputs are often biased in regards to extremes. When compared to historical 
observations, historical GCM  simulations have been recognized to underestimate the extreme 
precipitation events that often result in flood events (Kundzewicz et al. 2017; Mehran et al. 2014). 
Bias-correction is commonly implemented to remediate this bias towards extremes. The quantile 
mapping approach implemented in this research was applied to address the bias in both the GCM 
results as well as SWAT modeling framework. While this technique better aligns the simulated 
results with observations across both a calibration and validation horizon, the use of bias-
correction relies upon an assumption of stationarity in hydrologic extremes (Ehret et al. 2012; 
Velázquez et al. 2015). While the distribution of hydrologic extremes may be similar in the 
historical calibration and validation period, it is uncertain if the distribution would remain constant 
under the climate-projected futures.  Additionally, uncertainty in design flood projections also 
stems from the relatively small sample size of annual maximum discharge events across the flood 
frequency analysis horizons. Fitting a short record length (e.g., 25 years) to an extreme value 
distribution in order to predict a 100 year return reduces the confidence of results.  
The modeling analysis could be strengthen through the inclusion of an economic analysis 
of flooding damages. The accuracy of an economic analysis is dependent on detailed flood 
mapping of both depth and extent. The transformation of flood discharge to depth at a specific 
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location within the watershed, particularly along the river channel, is not included in the current 
modeling approach.  Exact flooding depth or extent could not be reported with confidence under 
the current the scale of the HEC-RAS model and the assumption of uniform bathymetry along the 
channel.  Even a slight difference in channel geometry at a particular location could drastically 
alter the inundation of the surrounding region.  Reporting these flood attributes with confidence 
would require in-situ bathymetric observations and a detailed hydraulic model that includes more 
fine resolution land cover and the geometry of local infrastructure, details that are not captured 
within the available LIDAR data.  Understanding these limitations, this work utilized the available 
data for the region to address overarching trends in flood propagation throughout the larger river 
network and hydrograph response at the downstream location.  
Despite the omission of an economic translation of flood damages, this work provides 
evidence for decision-makers who are responsible for managing the watershed under an uncertain 
climate.  Through the modeling of the average projected 100-year floods, the Otter Creek 
watershed is evaluated with floods that are significantly greater than any events on record. The 
system response to these potential hydrological events show no upper-limit to the flood mitigation 
services of riparian wetlands.  While the exact magnitude of the future 100-year flood may be 
uncertain, there is a consistent shift in hydrograph response to land cover alterations across the 
modeled hydrologic realizations.  This performance across a wide range of hydrologic scenarios 
emphasizes the importance of riparian wetland systems as a nature-based solution for flood 




5.0 - Conclusion 
This study adds to a growing body of literature that informs resource managers and policy 
makers regarding the large-scale management of river systems and the future planning of climate 
resilient landscapes that serve both ecosystems and human communities. With a non-stationary 
climate and projections of increased hydrological extremes, resource managers should use the 
Otter Creek riparian wetlands as a feasible landscape management strategy. 
Flood frequency, timing, and magnitude are projected to increase in Otter Creek at Rutland, 
VT under the effects of climate change under the RCP8.5 scenario.  Seasonal flow regimes are 
projected to shift due to an increase of temperature and its associated impact on snow.  The 
magnitude of low-flows is projected to decrease during the summer and autumn and increase 
during the winter and spring.  The magnitude of high-flows is projected to increase in the summer, 
autumn, and winter.  The increases in flow are projected to greatest during the winter.   
Extreme hydrologic events are expected to occur more uniformly throughout the year.  The 
100-year flood event is projected to increase by 13% by the year 2049, 29% by the year 2074, and 
48% by the year 2099.  Similar changes are projected across the 10, 25, and 50-year flood events.  
The results of our analysis indicate that forested wetlands within the riparian corridor can 
substantially mitigate the impacts of flooding to downstream communities. The forested wetlands 
within the Otter Creek riparian corridor decreased the peak flood pulse at Middlebury, VT by over 
50% during Tropical Storm Irene in 2011. The Otter Creek forested wetlands within the riparian 
corridor have historically decreased downstream peak flows between 23% and 56% and decreased 
downstream maximum velocity between 54% and 128%.  
Protection and restoration of riparian corridors will continue to provide significant flood 
mitigation impacts under the effects of climate change. The deforestation of the Otter Creek 
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riparian corridor would increase the downstream flow peak of projected 100-year flood events 
between 13% and 25%  The continued reforestation the Otter Creek riparian corridor would 
decrease the downstream flow peak of projected 100-year flood events between 14% and 29%. 
The Otter Creek wetland system is an ecologically important area that provides multiple 
eco-system services including improved water quality to Lake Champlain, increased wildlife and 
fish habitat, and recreational opportunities.  In addition to these services, the wetland system 
provides flood mitigation to the downstream community of Middlebury.  The continued protection 
of the riparian landscape, as well as the sustained expansion of reforestation efforts, would 
continue to regulate the impacts of flooding in the future.  The flood preparedness at the 
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Figure A4 –Maximum Flow along Otter Creek between Rutland and Middlebury, VT. The above x-axes 
represent the distance (m) downstream of Rutland, VT. Flow results are extracted from the HEC-RAS model 






Figure A5 –Alteration of Maximum Flow along Otter Creek between Rutland and Middlebury, VT.  The above 
x-axes represent the distance (m) downstream from Rutland, VT.  The orange and green lines represent the 




APPENDIX B – Additional Tables 
 
Table B1– Initial SWAT Model Results: Calibration at Rutland, VT before bias correction 
Calibration Statistic 
Daily Time Step Monthly Time Step 
Calibration Validation Calibration Validation 
Coefficient of Correlation (r) 0.72 0.79 0.83 0.87 
Coefficient of Determination (R2) 0.52 0.63 0.69 0.76 
Nash-Sutcliffe Efficiency (NSE) 0.49 0.61 0.66 0.73 
Percent Difference (%) 0.13 0.10 0.10 0.07 




Table B2– Initial SWAT Model Results: Flood Frequency Flows (CMS) before bias correction 
Modeling Period 1 year 2 year 5 year 10 year 25 year 10 year 100 year 
Calibration (1982 – 2001) 50 94 123 142 168 188 208 
Validation  (2003 – 2013) 44 89 122 146 179 205 233 




Table B3– Near Future (2025 – 2049) Flow (CMS) Statistics  
RCP 8.5 GCM 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
bcc-csm1-1 3.1 7.7 15.7 27.8 62.5 124.1 22.6 
CanESM2 3.5 8.3 15.3 27.1 62.2 99.9 21.6 
CESM1-BGC 4.5 9.2 16.7 29.3 59.2 102.3 22.7 
CESM1-CAM5 4.1 9.9 17.7 30.2 59.9 103.2 23.5 
CMCC-CMS 3.7 8.7 16.4 29.9 65.5 116.3 23.6 
GFDL-ESM2M 3.0 7.3 14.2 27.3 66.1 107.4 21.7 
GISSE2R 3.8 9.9 17.5 28.3 55.6 88.9 22.0 
HadGEM2-CC 3.5 9.6 18.0 30.7 62.2 103.0 23.8 
HadGEM2-ES 3.4 8.2 15.9 28.4 57.3 103.8 22.1 
inmcm4 3.1 7.9 15.7 27.3 57.5 97.7 21.3 
IPSL-CM5A-LR 2.9 7.3 13.8 25.6 63.3 121.8 21.4 
MPI-ESM-LR 2.9 6.9 14.2 26.3 61.6 110.6 21.2 
MPI-ESM-MR 3.2 7.9 15.3 26.8 56.5 100.1 21.3 










Table B4 – Mid Future (2050 – 2074) Flow (CMS) Statistics  
RCP 8.5 GCM 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
bcc-csm1-1 3.3 7.8 15.1 27.5 59.9 101.1 21.5 
CanESM2 3.2 7.8 15.8 28.4 61.2 103.0 22.1 
CESM1-BGC 4.1 8.9 15.9 26.8 55.9 96.1 21.4 
CESM1-CAM5 5.0 10.7 17.4 27.5 53.9 92.1 22.4 
CMCC-CMS 2.8 8.1 16.0 26.5 54.7 92.2 20.8 
GFDL-ESM2M 3.3 7.7 14.3 25.1 58.3 117.5 20.9 
GISSE2R 3.7 9.3 16.7 28.3 56.9 97.8 22.1 
HadGEM2-CC 4.7 10.5 18.6 31.9 59.6 105.7 24.5 
HadGEM2-ES 3.5 9.0 16.1 27.5 54.5 100.2 22.0 
inmcm4 4.4 8.8 16.0 28.0 56.4 93.2 21.8 
IPSL-CM5A-LR 3.1 7.1 13.6 24.9 56.3 108.0 20.2 
MPI-ESM-LR 2.9 6.8 13.1 25.2 57.0 106.3 20.0 
MPI-ESM-MR 4.1 8.8 15.1 27.0 61.3 102.3 22.1 




Table B5 – Far Future (2075 – 2099) Flow (CMS) Statistics  
RCP 8.5 GCM 
Percentile Mean 
Flow 0.05 0.25 0.5 0.75 0.95 0.99 
bcc-csm1-1 2.2 7.4 14.6 26.8 57.5 118.0 21.4 
CanESM2 3.6 7.8 14.8 25.9 55.7 102.2 20.7 
CESM1-BGC 3.8 9.1 17.1 30.2 60.0 103.3 23.2 
CESM1-CAM5 4.7 10.0 16.4 26.2 52.5 89.1 21.2 
CMCC-CMS 3.1 7.8 15.0 26.7 57.8 104.7 21.4 
GFDL-ESM2M 3.3 8.5 16.8 29.6 66.2 122.3 24.0 
GISSE2R 3.9 9.3 17.7 29.5 57.3 104.1 22.8 
HadGEM2-CC 2.6 7.7 15.7 27.4 56.3 101.7 21.4 
HadGEM2-ES 3.6 9.3 16.7 26.8 54.7 107.3 22.0 
inmcm4 5.0 10.2 17.5 29.1 55.7 93.4 22.7 
IPSL-CM5A-LR 2.6 7.1 13.4 23.6 57.1 114.6 20.0 
MPI-ESM-LR 2.3 6.8 14.1 25.9 57.4 104.5 20.5 
MPI-ESM-MR 3.5 8.4 15.7 27.3 60.1 108.2 22.3 








Table B6– Near Future (2025 – 2049) Flood Frequency Flows (CMS)  
RCP 8.5 GCM 1 year 2 year 5 year 10 year 25 year 10 year 100 year 
bcc-csm1-1 67 146 206 252 314 365 420 
CanESM2 72 122 155 178 207 230 253 
CESM1-BGC 61 127 176 211 260 300 342 
CESM1-CAM5 54 136 207 262 343 410 485 
CMCC-CMS 60 159 246 315 416 502 598 
GFDL-ESM2M 74 130 167 193 227 254 281 
GISSE2R 65 116 151 175 207 232 258 
HadGEM2-CC 61 132 187 228 285 332 382 
HadGEM2-ES 46 121 187 239 315 380 452 
inmcm4 45 109 162 203 261 310 364 
IPSL-CM5A-LR 69 169 252 317 409 486 570 
MPI-ESM-LR 52 144 227 294 394 480 577 
MPI-ESM-MR 54 141 217 277 365 439 522 
Minimum 45 109 151 175 207 230 253 
Maximum 74 169 252 317 416 502 598 
Median 61 132 187 239 314 365 420 




Table B7 – Mid Future (2050-2074) Flood Frequency Flows (CMS)  
RCP 8.5 GCM 1 year 2 year 5 year 10 year 25 year 10 year 100 year 
bcc-csm1-1 72 122 155 177 206 228 251 
CanESM2 52 125 184 230 295 349 408 
CESM1-BGC 49 132 206 266 353 428 511 
CESM1-CAM5 37 106 169 221 299 367 443 
CMCC-CMS 54 108 148 178 217 249 283 
GFDL-ESM2M 55 146 228 294 390 472 564 
GISSE2R 65 123 164 193 232 262 294 
HadGEM2-CC 52 139 216 277 367 444 529 
HadGEM2-ES 38 142 256 357 521 671 851 
inmcm4 51 116 168 207 262 307 357 
IPSL-CM5A-LR 48 128 199 255 337 408 486 
MPI-ESM-LR 37 116 196 263 367 459 565 
MPI-ESM-MR 47 148 248 332 461 575 706 
Minimum 37 106 148 177 206 228 251 
Maximum 72 148 256 357 521 671 851 
Median 51 125 196 255 337 408 486 








Table B8 – Far Future (2075-2099) Flood Frequency Flows (CMS)  
RCP 8.5 GCM 1 year 2 year 5 year 10 year 25 year 10 year 100 year 
bcc-csm1-1 55 150 234 301 400 486 581 
CanESM2 45 116 177 225 295 354 420 
CESM1-BGC 52 133 204 259 339 407 483 
CESM1-CAM5 46 109 162 203 261 309 362 
CMCC-CMS 54 155 249 326 441 542 656 
GFDL-ESM2M 62 170 266 344 459 557 667 
GISSE2R 54 125 181 224 285 335 389 
HadGEM2-CC 47 133 212 277 372 455 548 
HadGEM2-ES 38 127 218 296 417 527 655 
inmcm4 65 123 164 193 232 262 294 
IPSL-CM5A-LR 49 141 228 300 407 501 608 
MPI-ESM-LR 46 149 251 339 474 595 735 
MPI-ESM-MR 46 154 264 358 505 638 793 
Minimum 38 109 162 193 232 262 294 
Maximum 65 170 266 358 505 638 793 
Median 49 133 218 296 400 486 581 




Table B9 –HEC-RAS Model Results: Flow Statistics at Middlebury, VT   
Year Scenario Avg. Flow (cms) Max. Flow (cms) 
Max. Vel. 
(m/s) 
Time of Maximum  
Flow Event 
2011 EXISTING 53.5 169.7 1.00 9/1/2011 11:00 
2011 FIELD 55.7 265.3 2.29 8/31/2011 12:00 
2011 WETLANDS 52.6 149.8 0.90 9/1/2011 19:00 
1976 EXISTING 46.1 133.6 0.93 8/14/1976 13:00 
1976 FIELD 48.0 184.4 1.96 8/13/1976 16:00 
1976 WETLANDS 45.4 124.1 0.84 8/14/1976 19:00 
1987 EXISTING 47.6 194.6 1.12 4/8/1987 0:00 
1987 FIELD 49.4 253.0 2.26 4/8/1987 0:00 
1987 WETLANDS 47.3 182.3 0.99 4/9/1987 0:00 
1984 EXISTING 48.7 138.7 0.95 6/3/1984 0:00 
1984 FIELD 50.0 197.0 2.02 6/2/1984 0:00 
1984 WETLANDS 48.2 127.1 0.85 6/4/1984 0:00 
1973 EXISTING 46.1 125.3 1.19 7/4/1973 0:00 
1973 FIELD 46.4 153.7 1.82 7/3/1973 0:00 









Table B10 –HEC-RAS: Flow Statistics at Middlebury VT, for Projected 100 year flow events 
Future  Scenario Avg. Flow (cms) Max. Flow (cms) Max. Vel. (m/s) 
Near  EXISTING 122 332 1.44 
Near FIELD 123 376 1.83 
Near WETLANDS 117 284 0.82 
Mid EXISTING 120 447 2.09 
Mid FIELD 121 534 3.17 
Mid WETLANDS 115 335 1.31 
Far EXISTING 111 360 1.91 
Far FIELD 114 451 2.94 





































































































2011 EXISTING 381 378 424 412 427 415 423 391 319 279 221 149 170 170 170 
2011 FIELD 382 381 439 490 452 442 451 421 361 330 286 250 265 265 265 
2011 WETLAND 380 377 424 437 427 414 420 387 309 268 207 122 150 150 150 
1976 EXISTING 224 223 252 245 255 249 254 237 199 178 152 121 134 134 134 
1976 FIELD 224 224 255 244 273 267 272 256 225 208 190 183 184 184 184 
1976 WETLAND 224 223 253 251 253 246 250 233 190 169 143 105 124 124 124 
1987 EXISTING 221 220 252 248 269 265 274 260 229 213 191 168 198 195 197 
1987 FIELD 221 221 254 265 280 277 287 277 262 250 235 240 253 253 253 
1987 WETLAND 221 220 253 258 269 264 272 258 221 203 178 140 182 182 182 
1984 EXISTING 199 199 228 226 248 245 254 243 208 184 152 125 139 139 139 
1984 FIELD 199 199 230 229 254 253 264 255 230 214 196 193 197 197 197 
1984 WETLAND 199 199 229 234 247 243 251 240 199 174 142 107 127 127 127 
1973 EXISTING 197 197 225 230 240 235 240 224 186 165 141 123 125 125 125 
1973 FIELD 197 197 226 229 246 242 248 236 202 183 163 154 154 154 154 






































































































2011 FIELD 0.00 0.01 0.04 0.19 0.06 0.06 0.07 0.08 0.13 0.18 0.29 0.68 0.56 0.56 0.56 
1976 FIELD 0.00 0.00 0.01 -0.01 0.07 0.07 0.07 0.08 0.13 0.17 0.26 0.50 0.38 0.38 0.38 
1987 FIELD 0.00 0.00 0.01 0.07 0.04 0.04 0.05 0.06 0.15 0.17 0.23 0.43 0.28 0.30 0.28 
1984 FIELD 0.00 0.00 0.01 0.01 0.03 0.03 0.04 0.05 0.11 0.16 0.28 0.55 0.42 0.42 0.42 
1973 FIELD 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.05 0.09 0.11 0.16 0.25 0.23 0.23 0.23 
Average FIELD 0.00 0.00 0.01 0.05 0.04 0.05 0.05 0.06 0.12 0.16 0.25 0.48 0.37 0.38 0.37 
2011 WETLAND 0.00 0.00 0.00 0.06 0.00 0.00 -0.01 -0.01 -0.03 -0.04 -0.06 -0.18 -0.12 -0.12 -0.12 
1976 WETLAND 0.00 0.00 0.00 0.03 -0.01 -0.01 -0.02 -0.02 -0.04 -0.05 -0.06 -0.14 -0.07 -0.07 -0.07 
1987 WETLAND 0.00 0.00 0.00 0.04 0.00 0.00 0.00 -0.01 -0.03 -0.05 -0.07 -0.16 -0.08 -0.06 -0.08 
1984 WETLAND 0.00 0.00 0.01 0.03 0.00 -0.01 -0.01 -0.01 -0.04 -0.05 -0.07 -0.15 -0.08 -0.08 -0.08 
1973 WETLAND 0.00 0.00 0.00 0.01 -0.03 -0.04 -0.04 -0.05 -0.07 -0.09 -0.13 -0.33 -0.27 -0.27 -0.27 
Average WETLAND 0.00 0.00 0.00 0.03 -0.01 -0.01 -0.02 -0.02 -0.04 -0.06 -0.08 -0.19 -0.12 -0.12 -0.12 
 
 
